Background {#Sec1}
==========

The grasshopper is an important grassland inhabitant that directly impacts ecological and economic factors in agro-ecosystems \[[@CR1]\]. *Oedaleus asiaticus* Bey-Bienko (Acrididae: Oedipodinae) is a dominant and economically important grasshopper species that causes major damage to China's grassland \[[@CR2], [@CR3]\]. This species is also a bio-indicator of habitat deterioration in the typical steppe regions \[[@CR4]\]. Many studies have found that *O. asiaticus* population density negatively correlates with plant biomass \[[@CR5]--[@CR8]\] and their feeding habits change significantly depending on livestock grazing pressures and plant community composition \[[@CR9]\]. Therefore, changes in the composition of plant communities may have complicated consequences on grasshopper biology and food preferences. For stakeholders to assess and improve the value of grasslands as demand for food increases, they must develop a comprehensive understanding of all biotic processes that occur in these agro-ecosystems \[[@CR10]\].

The diet and distribution of grasshoppers are largely determined by their food preferences and food availability. Studies continue to report that grassland management practices, such as mowing and heavy livestock grazing, cause major changes in herbivores' diet composition and preferences, as well as changes in plant physiology and nutrition \[[@CR9], [@CR11]--[@CR15]\]. Thus, understanding grasshopper food preferences, and the factors that determine their feeding patterns, is necessary for developing grassland protection and management strategies.

*Oedaleus asiaticus* is a rarely studied herbivore, but it was recently reported that its outbreak is closely associated with an altered food preference caused by plant nitrogen changes in response to heavy livestock grazing \[[@CR16], [@CR17]\]. Measures of *O. asiaticus* performance, including food preference and body size, are closely related to grasshopper migration and outbreak \[[@CR17], [@CR18]\]. However, the relationship between grasshopper performance and plant composition and stoichiometric characteristics is complex and poorly understood.

Diet quality is a major extrinsic influence on herbivores \[[@CR19]\] because nutrients are a major determinant of herbivore performance, including growth and reproduction \[[@CR20], [@CR21]\]. However, the mechanisms determining diet composition are poorly understood. It is known that food preferences not only depend on the biomolecule content, but also the presence of certain mineral elements \[[@CR21], [@CR22]\]. Also, an organism's diet must ensure growth and reproduction, in addition to meeting metabolic demands \[[@CR23]\]. Several hypotheses have been proposed to explain diet composition, including the nutrient complementation hypothesis (NCH) \[[@CR21], [@CR24], [@CR25]\] and toxin dilution hypothesis (TDH) \[[@CR26]\]. There has also been progress with the identification of some ingestive and post-ingestive regulatory mechanisms in herbivore insects that are necessary for nutritional balance \[[@CR27], [@CR28]\].

Interestingly, plant stoichiometric traits, including leaf carbon content (LCC) and the carbon: nitrogen (C:N) ratio, are known to affect the palatability of plants to *O. asiaticus* \[[@CR16]\]. Another stoichiometric trait, the nitrogen:phosphorus (N:P) ratio of an organism's body, is closely linked to species' performance, measured by development rate, body size, survival \[[@CR21], [@CR22]\]. Indeed, the N:P ratio of a species usually has a narrow range of variation relative to C:N and C:P ratios \[[@CR21], [@CR22]\]. Furthermore, P is an indispensable element and the relative ratio of P could determine grasshopper survival. Increased dietary P content has been observed to increase growth rate and improve survival in insects \[[@CR28]--[@CR31]\]. However, other research has found either no effect or negative effects of dietary P intake in insects \[[@CR24], [@CR25]\]. Although P is widely considered an important growth factor for diverse biota \[[@CR28], [@CR29], [@CR31]\], few studies have explored the effect of P content, C:P ratio, and N:P ratio on grasshopper performance.

At the community level, plant composition relates closely to grassland management practices \[[@CR32]\]. In moderation, anthropogenic management practices such as grazing positively impact biodiversity in Inner Mongolian grassland \[[@CR33]\]. Typically, diverse plant types of shortgrass and mixed prairie grass, comprise an Inner Mongolian steppe and highly uneven livestock grazing occurs. Large-scale geographic plant composition can affect insect herbivores, which are generally more abundant where their food plants are highly available \[[@CR34], [@CR35]\]. Overall, the large-scale factors that influence grasshopper growth, development, survival, and reproduction are known, and include temperature, soil, microstructure, and others \[[@CR7], [@CR16], [@CR36]\]. However, the impact of small-scale vegetation variation on *O*. *asiaticus* remains unclear. Though recent studies indicated that plant distribution pattern and resource imbalance impact locust phase \[[@CR37], [@CR38]\], these studies unintentionally neglected the difference between plant proportion and plant biomass composition in contributing to the performance of locust. Therefore, this study sought to understand how plant composition (plant proportion and plant biomass composition) at the small-scale community level affects *O. asiaticus* performance. Additionally, we investigated whether plant stoichiometric traits such as plant N, C, and P contents and ratios, correlate with grasshopper performance.

Results {#Sec2}
=======

Host plant food preference {#Sec3}
--------------------------

The host preference test showed that *O. asiaticus* consumed a large proportion of *S. krylovii*, *C. squarrosa*, and *L. chinensis* grasses, indicating a preference for these plants (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Of these three preferred species, the relative feeding frequency was highest for *S. krylovii* and lower for *C. squarrosa* and *L. chinensis* (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). There was limited feeding on *A. frigida*, *C. microphylla*, and *C. ammannii*, and no feeding on *K. prostrata* and *N. pectinata*. Notably, all of these non-preferred plants are forbs.

No-choice field experiments {#Sec4}
---------------------------

*Oedaleus asiaticus* consumed significantly different amounts of the three preferred plant species (*F* = 182.52; df = 2, 17; *P* \< 0.0001). Intake of *S. krylovii* was highest, followed by *L. chinensis*, and then *A. frigida* (Additional file [1](#MOESM1){ref-type="media"}: Figure S2a). Food consumption results were consistent with survival rates. Survival rates did not differ significantly between *S. krylovii* and *L. chinensis* consumption, nor between *L. chinensis* and *A. frigida*; however, survival rates were significantly different between *S. krylovii* and *A. frigida* (Additional file [1](#MOESM1){ref-type="media"}: Figure S2b; *F* = 4.97; df = 3, 14; *P* = 0.027).

Small-scale plant community composition changes affect grasshopper food consumption {#Sec5}
-----------------------------------------------------------------------------------

Results showed that changes in the proportions of plant species, or plant composition, did not change feeding patterns, although the proportional intake of each of the three plants was significantly different (Fig. [1](#Fig1){ref-type="fig"}a; *N* = 108; *F* = 470.31; df = 2107; *P* \< 0.0001). Grasshopper diets were composed of 50.0 ± 6.56% *S. krylovii*, 37.6 ± 5.93% *L. chinensis*, and 12.3 ± 2.56% *A. frigida*. The three situations for the consumption test are summarized in Fig. [1](#Fig1){ref-type="fig"}b--d.Fig. 1Mean dietary intake (± SEM) of *Oedaleus asiaticus* (from fourth-instar to adult) under manipulated ratios of the three plant species. **a** Relative consumption of the three plants (from fourth-instar to adult). **b** Constant *S. krylovii* biomass, altered *L*. *chinensis* and *A*. *frigida* biomass. **c** Constant *L. chinensis* biomass, altered biomass for the other two plant species. **d** Constant *A. frigida* biomass, altered biomass of the other two plant species. The horizontal axis of **b**--**d** indicates a plant composition that consisted of *S*. *krylovii*, *L. chinensis*, and *A. frigida*. Significant differences marked by different lowercase letters, based on Tukey's HSD at *P* \< 0.05

Grasshopper total food intake increased significantly as the total plant biomass increased to an intermediate level, but food intake slightly decreased when plant biomass was very high (*P* \< 0.001, N = 25; Fig. [1](#Fig1){ref-type="fig"}b--d). *S. krylovii* intake (*N* = 25; *F* = 0.15; df = 2, 24; *P* = 0.8600) was relatively constant in situation b; however, when *S. krylovii* increased from low to intermediate biomass, there was a large increase in food intake (situation c, d). However, *S. krylovii* intake did not increase when plant biomass increased from intermediate to high (Fig. [1](#Fig1){ref-type="fig"}b--d). Similarly, intake of *L. chinensis* significantly increased (situation b: *N* = 25; *F* = 4.60; df = 2, 24; *P* = 0.0214 and situation c, *N* = 25; *F* = 3.82; df = 2, 24; *P* = 0.0375) when plants increased from low to intermediate biomass (Fig. [1](#Fig1){ref-type="fig"}b, c). Interestingly, *L. chinensis* intake remained stable when the total plant biomass was constant, but *L. chinensis* biomass decreased (situation d). For the least-preferred plant species, *A. frigida*, there was no significant difference in total absolute consumption between any of the treatments (Fig. [1](#Fig1){ref-type="fig"}b--d).

Plant community composition affects grasshopper performance {#Sec6}
-----------------------------------------------------------

Field-diet experiments showed that survival rates (time series) were not significantly different for the different plant compositions offered in small-scale cages (1 m × 1 m × 1 m) (Additional file [1](#MOESM1){ref-type="media"}: Table S3). Multivariate variance analysis indicated that the total above-ground plant biomass significantly impacted overall grasshopper performance (Table [1](#Tab1){ref-type="table"}). However, different plants had different effects on specific grasshopper performance parameters. For example, *A. frigida* biomass significantly influenced the first principal component of the grasshopper performance variables, and *S. krylovii* and *L. chinensis* significantly influenced the second principal component of grasshopper performance variables (Table [1](#Tab1){ref-type="table"}). Further analyses indicated that female grasshopper mass significantly positively correlated with the proportion of the preferred plant *S. krylovii* (Table [2](#Tab2){ref-type="table"}; Fig. [2](#Fig2){ref-type="fig"}a). Conversely, the proportion of the non-preferred plant, *A. frigida*, significantly positively correlated with male grasshopper mass and length (Table [2](#Tab2){ref-type="table"}; Fig. [2](#Fig2){ref-type="fig"}b). Additionally, we found interacting effects of the relative proportions of *S. krylovii*, *L. chinensis*, and *A. frigida*, on male grasshopper mass. Together, these findings suggest that sexually dimorphic grasshoppers have different responses to the plant community changes.Table 1Multivariate analysis of the effect of the plant biomass (three level of plant biomass) on overall performance of grasshoppersDfPillaiApprox. Fden DfPr (\> F)SignificanceTotal model Sk10.3667.21250.00338\*\* Lc10.45910.60250.00046\*\*\* Af10.56015.92253.48E−05\*\*\* Residuals26DfSum SqMean SqF valuePr (\> F)SignificancePC1 Sk13.343.342.6790.114 Lc13.543.542.84090.104 Af134.5634.5627.71.68E−05\*\*\* Residuals2632.431.25PC2 Sk17.657.6510.020.00393\*\* Lc116.2316.2321.259.41E−05\*\*\* Af11.421.421.850.185 Residuals2619.860.764PC1, PC2 indicate the first and second principal components of grasshopper performance variablesSk: *S. krylovii*; Lc: *L. chinensis*; Af: *A. frigida*Statistical significance: '\*\*\*', 0.001; '\*\*', 0.01; '\*', 0.05; '.', 0.1; ' ', 1 Table 2Analysis of variance of effect of different plant proportions on grasshopper performance variablesGrasshopper performanceCommunity parametersDfSum SqF valuePr (\> F)SignificanceMale massTotal plant biomass10.000810.1190.734PSk10.005310.7790.387PLc10.03233.8380.060.PAf10.06639.7230.005\*\*PSk: PLc10.009511.3950.250PSk: PAf10.005080.7450.397PAf: PLc10.00070.1020.752PSk: PAf: PLc10.02994.380.048\*Residuals220.15002Male lengthTotal plant biomass10.000030.0450.833PSk10.000380.5780.455PLc10.001301.8630.183PAf10.002984.530.045\*PSk: PLc10.000510.780.387PSk: PAf10.000921.4030.249PAf: PLc10.001121.7070.205PSk: PAf: PLc10.000470.7190.406Residuals220.014446Female massTotal plant biomass10.04032.6050.121PSk10.09856.3630.019\*PLc10.01230.7960.382PAf10.06404.1060.0523PSk: PLc10.0000.0000.999PSk: PAf10.0000.0000.985PAf: PLc10.00860.5580.463PSk: PAf: PLc10.00020.0140.906Residuals220.341Female lengthTotal plant biomass10.002641.6470.213PSk10.000020.0150.904PLc10.001551.1230.298PAf10.001310.8170.376PSk: PLc10.000410.2560.618PSk: PAf10.000170.1030.751PAf: PLc10.000060.0350.854PSk: PAf: PLc10.000480.2980.591Residuals220.03523Preference for SkTotal plant biomass10.041.190.287PSk18.151241.242.43E − 13\*\*\*PLc10.1043.0710.0936.PAf13.0811.840.00184\*\*PSk: PLc10.2677.90.010185\*PSk: PAf10.69120.450.000169\*\*\*PLc: PAf10.0010.0150.9036PSk: PLc: PAf10.36910.9190.0032\*\*Residuals220.743Preference for LcTotal plant biomass10.167.0260.0146\*PSk10.76333.428.14E−06\*\*\*PLc13.245142.154.5E−11\*\*\*PAf11.1537.4640.011\*PSk: PLc10.30113.200.001\*\*PSk: PAf10.4519.720.0002\*\*\*PLc: PAf10.0120.5050.485PSk: PLc: PAf10.0421.8280.190Residuals220.502Preference for AfTotal plant biomass1000.999739PSk10.13813.800.00121\*\*PLc10.19119.210.00024\*\*\*PAf10.32135.512.04E−06\*\*\*PSk: PLc10.0201.9640.175PSk: PAf10.001060.1070.747PLc: PAf10.002180.2190.645PSk: PLc: PAf10.002810.2820.601Residuals220.21926PSk, PLc, PAf represent the proportion of *S. krylovii*, *L. chinensis*, and *A. frigida* in the communitySk: *S. krylovii*; Lc: *L. chinensis*; Af: *A. frigida*Statistical significance: '\*\*\*', 0.001; '\*\*', 0.01; '\*', 0.05; '.', 0.1; ' ', 1 Fig. 2**a** The linear relationship between female mass and the dietary proportion of *S. krylovii* (*N* = 32; *r* = 0.39086; *P* = 0.0270). **b** The linear relationship between male mass and dietary proportion of *A. frigida* (*N* = 30; *r* = 0.50606; *P* = 0.0335). Significant differences marked by different lowercase letters, based on Tukey's HSD at *P* \< 0.05. Error bars indicate standard error

We found that changing the proportion of the three plants affected grasshopper food preferences (Table [2](#Tab2){ref-type="table"}). Changes in the proportion of either *S. krylovii* or *A. frigida* significantly influenced the preference for the other two plants (Table [2](#Tab2){ref-type="table"}). All the plant pairs except *S. krylovii* and *A. frigida* had significant interaction effects on the preference for *S. krylovii* and *L. chinensis*, whereas *A. frigida* had no interaction effects (Table [2](#Tab2){ref-type="table"}). However, the proportion of *L. chinensis* did not influence the grasshoppers' preference for *S. krylovii*.

In our experiments, changes in the plant community structure (community dissimilarity) significantly influenced grasshopper food preferences for all three plants (Table [3](#Tab3){ref-type="table"}). Notably, only male grasshopper mass dissimilarity was significantly affected by plant community structure (Table [3](#Tab3){ref-type="table"}). Typical of sexual dimorphism, we observed that *O. asiaticus* body length and mass were significant different between sexes (male length vs. female length, N = 32, *P* = 4.59e−20; male mass vs. female mass, N = 32, *P* = 6.67e−25), and females were significantly larger and heavier than males.Table 3Effect of plant structure on grasshopper trait dissimilarityGrasshopper traitsFactorsDfSum SqR^2^F valuePr (\> F)SignificanceMale lengthCommunity dissimilarity70.880.311.390.26Residual221.990.69Total292.881Male massCommunity dissimilarity70.850.442.460.0497\*Residual221.080.56Total291.931.00Female lengthCommunity dissimilarity70.180.130.450.869Residual221.240.87Total291.421.00Female massCommunity dissimilarity70.180.130.450.863Residual221.240.87Total291.421.00Preference for SkCommunity dissimilarity72.040.9340.680.0001\*\*\*Residual220.160.07Total292.201.00Preference for LcCommunity dissimilarity71.830.9131.120.0001\*\*\*Residual220.180.09Total292.011.00Preference for AfCommunity dissimilarity70.880.625.080.0027\*\*Residual220.540.38Total291.421.00Significance analysis based on 9999 permutationsSk: *S. krylovii*; Lc: *L. chinensis*; Af: *A. frigida*Statistical significance: '\*\*\*', 0.001; '\*\*', 0.01; '\*', 0.05; '.', 0.1; ' ', 1

Plant community composition affects grasshopper population density through food availability and quality, and biomass {#Sec7}
---------------------------------------------------------------------------------------------------------------------

Though greater plant biomass likely increases the amount of preferred food, we observed a weak negative effect of plant biomass composition (all three plants) on food availability and quality (Additional file [1](#MOESM1){ref-type="media"}: Table S4). However, the plant community biomass composition negatively affected grasshopper population density (*P* = 0.00179, Additional file [1](#MOESM1){ref-type="media"}: Table S4). Conversely, though plant biomass showed direct positive effects on grasshopper body size, the total effect was not significant (*P* = 0.1487) because of plant biomass indirect negative effects on grasshopper body size (Additional file [1](#MOESM1){ref-type="media"}: Table S4, Figure S4). Food availability and quality affects grasshopper population density (*P* = 0.00974) but not body size (*P* = 0.0887). Although grasshopper population density had a direct positive effect on grasshopper body size (coefficient is 0.3918), the effect is not significant in our study (*P* = 0.5701; Additional file [1](#MOESM1){ref-type="media"}: Table S4, Figure S4).

Grasshopper performance is associated with plant stoichiometric characteristics {#Sec8}
-------------------------------------------------------------------------------

Principal component analysis indicated that grasshopper performance parameters, including male mass, male length, female length, female mass, and grasshopper food preference clustered together closely, and these variables had strong positive correlations with C:P and N:P ratios (Fig. [3](#Fig3){ref-type="fig"}). However, these variables negatively correlated with P content (Fig. [3](#Fig3){ref-type="fig"}). We also observed that the plant with the lowest P content, *S. krylovii*, was highly consumed by grasshoppers, and the plant with the highest P content, *A. frigida* was lowly consumed by grasshoppers during development from the third instar to the adult stage. The above results suggest that C:P ratio, N:P ratios and P content may contribute to the differences in grasshopper performance variables, especially food preference.Fig. 3Ordination classification of relationships between measures of grasshopper performance and plant stoichiometric characteristics. The arrows indicate the grasshopper performance measures (male mass, male length, female mass, female length) and plant stoichiometric characteristics (C, N, P contents, C:N ratio, C:P ratio, and N:P ratio). X-axis and Y-axis represent the first and second principal components of these variables. Ellipses indicate plant types corresponding to *S. krylovii* (Sk, blue), *L. chinensis* (Lc, green), and *A. frigida* (Af, red)

We identified relationships between variables in different scenarios using canonical correspondence analysis. We found that grasshopper performance clustered into three groups that corresponded to the three plants (Fig. [4](#Fig4){ref-type="fig"}, *Sk*, *S. krylovii*; *Lc*, *L. chinensis*; *Af*, *A. frigida*). All variables are presented as a linear correspondence, and grasshopper performance linearly correlated with the corresponding food preference level (Fig. [4](#Fig4){ref-type="fig"}). Three stoichiometric characteristics: P content, C:P ratio, and N:P ratio (Table [4](#Tab4){ref-type="table"}), significantly correlated with grasshopper performance variables (Fig. [4](#Fig4){ref-type="fig"}). Low-performing grasshoppers clustered into the non-preferred plant group (*Af*, *A. frigida*), in contrast to high-performing grasshoppers that clustered into the preferred plant groups (*Sk*, *S. krylovii*; *Lc*, *L. chinensis*). High performance variables tended to group with high C:P and N:P ratios, whereas low performance variables tended to group with higher P content. These findings suggest that higher C:P and N:P ratios contributed to high grasshopper performance and higher P content contributed to low grasshopper performance, in the context of these three plants. We found that the approximate grasshopper C:N:P dietary ratio is 249.8:18.8:1.0, based on consumption of the three plant species and their C, N and P content. Overall, this finding indicates that *O. asiaticus* maintained relatively high dietary C:N and C:P ratios, but low dietary P content (0.18%).Fig. 4Association between grasshopper performance and plant stoichiometric characteristics. X-axis and Y-axis indicate the first two ordination scores of grasshopper performance variables. The convex hulls (red) enclose centroids of grasshopper performance measures obtained from grasshoppers fed with the corresponding plants, *S. krylovii* (Sk), *L. chinensis* (Lc), and *A. frigida* (Af). The ellipses enclose confidence areas (95%) of grasshopper performance measures. The blue arrows indicate the plant stoichiometric characteristics for three plants Table 4Goodness of fit of the association between grasshopper performance and plant stoichiometric characteristics from constrained correspondence analysisStoichiometric traitsCA1CA2r2Pr (\> r)SignificanceN content0.701− 0.7130.1170.368P content− 0.6740.7390.7610.000\*\*\*C content− 0.8540.5210.1780.205C, N ratio− 0.7390.6740.1130.378C, P ratio0.630− 0.7760.7220.000\*\*\*N, P ratio0.642− 0.7660.4790.005\*\*Significance analysis based on 9999 permutationsStatistical significance: '\*\*\*', 0.001; '\*\*', 0.01; '\*', 0.05; '.', 0.1; ' ', 1

Discussion {#Sec9}
==========

In this study, we sought to understand how plant stoichiometric traits and ratios in small-scale plant communities influence the performance of the grasshopper *O. asiaticus*, an economically significant pest. We determined food preferences using eight plant species in laboratory choice experiments, and further investigated grasshopper diet structure by feeding grasshoppers three different preferred plant species in a field choice experiment where plant composition was manipulated in small-scale (1 m × 1 m × 1 m) communities. Grasshoppers showed different preference for several plant species reflected by selective indices (*S. krylovii*, \> *L*. *chinensis*, \> *A*. *frigida*) and survival rates (*S. krylovii*, \> *L*. *chinensis*, \> *A*. *frigida*). However, despite altering the proportion of each plant's biomass in the community, the grasshoppers regulated their intake of each plant species and did not simply feed on each plant according to its relative abundance. Plant community composition changes significantly influenced grasshopper performance, including grasshopper body size, food preference and population density. We also found that plant P content and C:P and N:P ratios correlated with grasshopper performance variables, suggesting that plant stoichiometric characteristics play important roles in the maintenance of *O. asiaticus* dynamics. Additionally, male and female grasshoppers performed differently within plant community structures, with female body mass positively correlated with the proportion of *S. krylovii* grass, whereas male mass positively correlated with the proportion of a non-preferred plant, *A. frigida*, suggesting niche divergence between sexes.

*O. asiaticus* diet preference and structure {#Sec10}
--------------------------------------------

Regardless of changes in plant community composition, grasshoppers tended to eat the same amount of *S. krylovii*, *L*. *chinensis*, and *A*. *frigida*. This observation suggests that *O. asiaticus* has a highly specific diet. In addition, female grasshoppers achieved a greater mass with a higher proportion of *S. krylovii*. This finding is consistent with the idea that increasing the proportion of a plant would benefit the growth of herbivores that prefer feeding on that plant.

*Oedaleus asiaticus* preference for certain plants in the presence of alternative foods was likely due to constraints on food quality or to the need to maintain a nutrient balance. A diet composed of several types of plants likely indicates that different foods are complementary nutritional resources for *O. asiaticus*. Previous studies have shown that *O. asiaticus* refused to eat *A. frigida* \[[@CR39]\] and could not complete their life cycle when fed exclusively on *A. frigida.* However, we observed that *O. asiaticus* included *A. frigida* in their diet. In addition, increased *A. frigida* consumption correlated with increased *A. frigida* biomass, though not significantly.

Huang et al. \[[@CR40]\] reported that when available plants were all grasses, consumption of each plant increased as their respective biomass increased. However, we note that all the plants in that study were preferred grasses (*S. krylovii*, *C. squarrosa* and *L*. *chinensis*) that had a constant total biomass (90 g), which is an unrealistic scenario outside of an experiment. Unlike that study, our plant communities consisted of three typical plants belonging to two families. We identified higher, medium, and lower preference levels for our three plants, amongst all the plants we tested in the grassland. In addition, we did not find food replaceable among the three plants; rather, we found the special role of non-preferred plant in contributing to the sex-specific traits.

*Oedaleus asiaticus* is a sexually dimorphic grasshopper with divergent morphology differences. We found that male body mass positively correlated with the proportion of *A. frigida*, indicating that *A. frigida* promotes male grasshopper mass. Sexually dimorphic traits in each sex were positively associated with the proportion of two plants (*S. krylovii*, *A. frigida*) with converse food preference by grasshoppers. This implies that food trophic structure and niche divergence between sexes play functional roles in supporting phenotypic diversity (within species diversity), and allow grasshoppers to adapt to changing grassland communities.

One drawback in previous studies of *O. asiaticus* is that none documented the interaction of gender with other variables in the field. Our data indicate this grasshopper is sexually dimorphic, and sex-specific phenotypes are sensitive to different factors. Therefore, we suggest that researchers test relevant biological characteristics of this grasshopper by sex to better understand it's ecological and evolutionary processes.

Grasshopper performance is associated with food availability and nutrient content {#Sec11}
---------------------------------------------------------------------------------

### Plant proportion and biomass affect grasshopper performance {#Sec12}

The relationship between plant community composition and grasshopper food preference and body size indicate that the *O. asiaticus* diet is influenced by mechanisms regulating plant composition. Nevertheless, why *O. asiaticus* chooses to consume a constant amount of *S*. *krylovii*, *L. chinensis* and *A. frigida* was still not well understood. Food preference and consumption depend on plant traits, such as plant structure, water content, toughness, or element content \[[@CR27], [@CR41]--[@CR43]\]. Changes in plant composition, due to mowing or livestock activity, might change plant physical traits such as plant structure and toughness \[[@CR44]--[@CR46]\]. However, these changes might not be the determinant factor in promoting grasshopper outbreak in the grassland.

Earlier studies showed that food quality, physical contact, stimuli and population density triggers the aggregation of locusts \[[@CR37], [@CR38], [@CR43], [@CR47]--[@CR50]\]. Although we set the population density to one that did not lead to density-dependent polymorphism and cannibalism \[[@CR8], [@CR51], [@CR52]\], partial least-square modelling showed that plant biomass negatively affected grasshopper rearing density (*R* = − 0.7837, *P* = 0.00179, Additional file [1](#MOESM1){ref-type="media"}: Table S3). Therefore, the imposed density may impact the grasshopper performance. Our results showed that grasshopper population density affected grasshopper body size, but the total effect became masked by plant biomass, food availability, and quality (Additional file [1](#MOESM1){ref-type="media"}: Table S4, Figure S4). An earlier study indicated that high population densities caused grasshoppers to exhibit some morphological traits predicted to benefit migration (gregarious phase), but did not induce gregarious behaviour such as flight. This likely resulted as the migratory phase of *O. asiaticus* is partially triggered by high population densities, but also existing ecological conditions blocked full expression of such traits \[[@CR51]\].

We determined from partial least-square modelling that plant biomass, together with *food availability and quality* had strong direct positive effects and weak indirect negative impacts on grasshopper body size. However, these factors negatively affected the grasshopper density (Additional file [1](#MOESM1){ref-type="media"}: Table S4; Figure S4). Previous studies about this grasshopper indicated that plant ground cover and biomass negatively influenced grasshopper population density \[[@CR5], [@CR7]\]. However, the mechanism underlying this phenomenon remains unclear because of difficulty in quantifying the effects of plant composition in the studies. One possible explanation is that both the quality and distribution of food resources at the local scale enhanced the probability of individual locusts making physical contact with each other and inducing phase change \[[@CR38], [@CR53]\]. Consistent with this explanation, our results reveal that both food availability and quality and plant composition (proportion and biomass) at a small scale impact grasshopper phenotype and density. In conjunction with a recent study \[[@CR8]\], our study provides insight into mechanisms by which plant community structure regulates grasshopper population dynamics through the trade-off between body size and survival.

### Plant stoichiometry affects grasshopper performance {#Sec13}

Our study further investigated the role of plant nutrient traits on grasshopper performance. These traits correlated to plant composition changes often brought on by livestock grazing, mowing or other anthropogenic activities.

Recent studies of the relationship between heavy livestock grazing, plant composition, soil stoichiometry, and herbivore dietary stoichiometry indicate that plant composition changes might influence grasshopper performance by changing the nutrient composition of the grasshopper diet \[[@CR17], [@CR28], [@CR54]\]. Thus, we hypothesized that nutrient elements required for a balanced diet might drive *O. asiaticus* performance, especially feeding preference. Ecologists have focused mostly on N, which is an estimate of plant protein content, and more recently, on P, with respect to feeding behavior \[[@CR28], [@CR54]\]. Although P has long been considered an important factor in the growth of many organisms, such as bacteria, algae, and zooplankton, the effect of P on insect herbivores is relatively unknown \[[@CR54]\]. However, there is strong evidence that P content and C:P and N:P ratios are linked to grasshopper performance, especially feeding preference \[[@CR28]\].

Indeed, contrary to expectations from P-limitation paradigms, the plant with the lowest P content, *S. krylovii*, was highly consumed by grasshoppers during development from the third instar to the adult stage. CCA analysis identified the relationship between plant stoichiometric traits and grasshopper performance, especially food preference (Table [3](#Tab3){ref-type="table"}; Fig. [4](#Fig4){ref-type="fig"}). Our results suggest that high C:P and N:P ratios improve grasshopper performance, whereas high P content worsened grasshopper performance. However, it is important to note that plants with higher C:P and N:P ratios and lower P content would not necessarily always be favorable food for *O. asiaticus*, because continual high N content and low P content food would also unbalance stoichiometry for grasshoppers. Nutritional balance may be as or more important than the absolute amount of any one nutrient \[[@CR21], [@CR55]\].

The maintenance of a stable diet in an environment with changing food composition indicates a positive feedback between forage quality and food availability, encouraging grasshoppers to maintain nutrient balance. Herbivores and their food plants can have interacting effects on each other's C:N:P ratio through various direct and indirect mechanisms \[[@CR20]\]. Increased grasshopper density reduces the plant standing biomass and dramatically changes the C:N:P stoichiometry of both plants and litterfall \[[@CR54], [@CR56]\], possibly due to the selective pressure of grasshopper selective feeding.

Based on our findings on grasshopper consumption of the three plant species in this study and their C, N, and P content, we found that the *O. asiaticus* dietary ratio of C:N:P is 249.8:18.8:1.0. This ratio indicates that *O. asiaticus* not only prefers plants with relative low N, as shown in earlier studies, but also plants with very low P content \[[@CR16]\]. Though grasshoppers were subjected to changing availability of plants and nutrients, they ate similar amounts of *S. krylovii*, *L*. *chinensis*, and *A*. *frigida*, suggesting that grasshoppers were balancing C, N, and P in their diets. Previous research has found similar evidence for dietary nutrient balancing in insects. For example, the American grasshopper *Schistocerca americana* Drury self-selects to ensure approximately 0.6% P content \[[@CR28]\].

The diet of specialist herbivores is well explained by specific behavioral, morphological, and biochemical adaptations between the herbivore species and its host plants \[[@CR57]\]. Both food availability and nutrient content in host plants influence the food preferences of *O. asiaticus*. Furthermore, grasshoppers had a higher preference for a target plant species when it was relatively scarce. It is known that grasshoppers independently select food when resources are more abundant, coexisting with other herbivores with different feeding patterns in the steppe, such as the grasshopper *Dasyhippus barbipes* Auktor preferring *L. chinensis* to *S. krylovii* \[[@CR58]\].

Research indicates that feeding patterns are consistent with the regulation of food control and intake by direct metabolic feedback \[[@CR59]\]. The specific and dynamic dietary structure we observed suggest that *O. asiaticus* maintains nutritional balance by changing its feeding behavior to accommodate food availability. Changes in the biomass of any one of the three plants altered the *SI* values of the other plants. This finding indicated that grasshoppers selected alternative resources to meet own requirements when faced with changing food availability. If grasshoppers regulate their diets to maintain nutrient balance, the grasshoppers can be considered to be behaviorally adjusting their food selection to obtain target quantities of nutrients \[[@CR28]\]. These insights provide us with a clearer understanding of how and why grasshoppers might attempt to maintain a relatively constant dietary ratio of key host plants.

Implications for grasshopper control and grassland conservation {#Sec14}
---------------------------------------------------------------

Although community composition did not affect grasshopper mortality, it impacted grasshopper body size, even in small-scale communities. Plant biomass on the other hand affected grasshopper population density rather than body size. Grasshopper body size is directly related to its migratory phase \[[@CR8], [@CR18]\], and density is the trigger of locust aggregation \[[@CR60]\]. Both enable long flights and damage-causing plague. Therefore, finding approaches that change or regulate body size and population density provides solutions to sustainable pest management. For example, rational crop management like rotational grazing (intermittent grazing and deferment) \[[@CR61], [@CR62]\], or periodic grass mowing \[[@CR63], [@CR64]\], helps avoid locust outbreaks by impacting grasshopper performance. Additionally, we show that plant stoichiometric characteristics correlate with grasshopper performance, and that plant P may be related to *O. asiaticus* food preference. Since long-term livestock grazing can change the stoichiometric traits of some grasshopper preferred plants \[[@CR65]\], grassland grazing and fertilization management practices \[[@CR16], [@CR17], [@CR66]\], become tools for grasshopper pest control (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Implications of grassland management---grasshopper plague circulation

Grassland management practices, including mowing and grazing, may influence grassland pest prevalence. Heavy livestock grazing or mowing can change plant community composition, degrade grassland, and cause loss of plant elemental nutrients \[[@CR16], [@CR65]\], ultimately promoting grasshopper outbreak. Additionally, sexually dimorphic *O. asiaticus* had distinguishable sex-specific benefits from different dietary plants, and plant community composition significantly influenced grasshopper sex-specific traits such as body size. These findings suggest that resource managers employ rational grassland practices to regulate grasshopper dynamics and control outbreaks. In summary, our study provides additional support for the idea that herbivore responses to their plant communities can be used to influence herbivore performance \[[@CR67], [@CR68]\], and provides new insights for improving agricultural management strategies to prevent economically damaging pest outbreaks.

Conclusions {#Sec15}
===========

We studied the performance of *O. asiaticus* under different small-scale plant community compositions.We found that when the grasshopper *O. asiaticus* had access to a range of plant species, grasshoppers had different degrees of food preferences, but maintained a species-specific dietary structure.Small-scale plant composition changes had large effects on the performance of sexually dimorphic grasshoppers, which selectively fed on mixed plant communities in proportions that were favorable to different sexes.Two characteristics of plant communities, plant proportion and biomass, affect grasshopper body size and density in different ways and regulate grasshopper performance through the trade-off of grasshopper phenotype and survival.The C, N, P content, C:P, N:P ratios, and food availability of specific plants are potential influences on *O. asiaticus* performance.

This study provides insight into specific mechanisms by which differences in small-scale vegetation structure affect the interactions among individuals and cause changes in their biology that impact their status as a pest. The results give us valuable information to develop guidelines for grassland management and pest control. Importantly, future studies must clarify the relationship between plant stoichiometric characteristics and long-term grazing, to determine whether long-term livestock grazing changes P content in plants. An early step would be to explore the impact of the P on grasshopper performance by increasing P fertilization of plants.

Methods {#Sec16}
=======

Field site {#Sec17}
----------

Field experiments were conducted at the Scientific Observation and Experimental Station of Pests in Xilingol Rangeland, Ministry of Agriculture, Xilin Gol League, Inner Mongolia, China, (43°57′10.7″N 116°00′35.4″E). Laboratory host plant preference tests (E1) were performed in 2012. No-choice field experiments were performed in 2013 (E2). Field-diet experiments, including those examining the effect of small-scale plant composition changes on grasshopper performance parameters (E3), and plant chemical analyses (E4) were performed in 2014. Each year, we collected second-instar *Oedaleus asiaticus* using sweep nets within a fenced meadow near the station and subsequently reared grasshoppers in large insect-rearing cages (2 m × 1.5 m × 2 m) as a grasshopper pool. Based on previous research, we set grasshopper density below 25 individuals/m^2^ to avoid their aggregation and phase change \[[@CR18], [@CR50]\]. Thus, none of the grasshoppers in these experiments cannibalized each other.

Host plant food preference test {#Sec18}
-------------------------------

To clarify the feeding habits of *O. asiaticus*, we offered the following eight plant species to individual grasshoppers for simultaneous choice tests under laboratory conditions: *Stipa krylovii* Roshev., *Leymus chinensis* (Trin.) Tzvel., *Cleistogenes squarrosa* (Trin.) Keng (all Poaceae), *Artemisia frigida* Willd., *Neopallasia pectinata* (Pall.) Poljak. (Asteraceae), *Caragana microphylla* Lam (Fabaceae), *Convolvulus ammannii* (Convolvulaceae), and *Kochia prostrata* (Chenopodiaceae). These are the most common plant species in the Xinli Gol grassland, a typical Eurasian steppe grassland, and provide habitats for many native species (e.g., mammals, birds and insects) as well as high-quality forage for domesticated livestock.

For the plant choice bioassays, we collected adult grasshoppers from the rearing cages and then placed them in plastic crates (30 cm × 20 cm × 15 cm) in the laboratory. We tested 10 individuals (sex ratio 1:1) in each of the five groups, with five repetitions of each group. On the first day, the grasshoppers were put into plastic crates and starved for 24 h prior to the start of the experiment. We cut eight single fresh plants of each species from the nearby meadow, with stems being removed, weighed the plants, and then provided 2 g of each plant species to the grasshoppers after 24 h. Each plant species was inserted into water-filled petri dishes through individual slits on the petri dish lids. Every 2 days, dead grasshoppers and old leaves were replaced with live grasshoppers and fresh leaves. We recorded the number of feeding grasshoppers (*X*~*i*~) on each plant (*i*) and the number of foraging grasshoppers (*F*) hourly 10 times per day (8:00--18:00), and calculated the relative feeding frequency (RFN) accordingly. The consumed part of the supplied leaf was quantified (in mm^2^) using graph paper and paper templates used to reconstruct the original leaf size, based on a previously described method \[[@CR16]\]. The preference level (*PL*) for each plant species was determined by consumption area according to the following scale: 0: not consumed (\< 0.5% of the plant eaten); 1: limited consumption (0.5--30% of the plant eaten); 2: high consumption (\> 30% of the plant eaten). Each experiment was repeated three times.

No-choice field experiments {#Sec19}
---------------------------

We performed no-choice experiments in clean gauze covered cages (1 m × 1 m × 1 m) in a sandy field where all vegetation had been removed. The results of the preference test described above showed that *O. asiaticus* tended to be a grass (*S. Krylovii*, *L. chinensis* and *C. squarrosa*) specialist that avoided forbs (*A. frigida*, *N. pectinata*, *C. microphylla*, *C. ammannii*, and *K. prostrata*). We used a subset of different preferred grasses and a forb, specifically *S. krylovii*, *L. chinensis* (grasses), and *A. frigida* (forb), for further investigation. We collected plants from the grassland close to the field and placed 20 g of each single plant species into plastic containers (14 cm × 20 cm) filled with distilled water. The containers were buried so that the top of the containers were flush with the ground surface. We placed 20 individual third-instar grasshoppers from the grasshopper pool (sex ratio 1:1) into each cage. The numbers of surviving grasshoppers in each treatment were recorded every 3 days until grasshoppers reached adulthood. After the grasshoppers reached adulthood, we conducted a plant consumption test. During the consumption test, we weighed an additional five bundles of each plant species before adding plants to the cages without grasshoppers. After weighing, plants were dried for 48 h and weighed again to estimate original dry mass (*O*) and the water content of the plant material. The remaining portions of uneaten leaves (*U*) were collected after 48 h, dried for 24 h at 80 °C, then weighed to determine the plant dry mass consumed. Plant consumption (*C*) was calculated by subtracting the dry mass of the uneaten leaves (*U*) from the dry mass of the original (*O*). We calculated the dry plant: wet plant ratio from a control group of an additional five leaf bundles for each plant species that were treated equivalently but without grasshoppers. Every 2 days, we quantified the amount of plant material consumed by the grasshoppers and replaced old leaves with new leaves of the same species. The consumption test lasted 2 weeks. We repeated the experiment five times so that the results of each 48-h foliage replacement provided three data sets for analysis.

Effect of small-scale plant composition change on grasshopper performance {#Sec20}
-------------------------------------------------------------------------

*Stipa krylovii*, *L. chinensis*, and *A. frigida* grassland are the most common components of a typical steppe in Xilingol. We used these three plant species to investigate grasshopper feeding patterns under small-scale field conditions (1 m^2^). According to our annual plant investigation, the average above ground plant biomass of a single plant ranges from 20 to 60 g/m^2^ in the steppe (<http://nmg.cern.ac.cn/meta/detail/GA02>). To replicate changing grassland composition, we performed the experiment using an orthogonal design assigning three factors to plant species (*S. krylovii*, *L. chinensis*, *A. frigida*) and three levels of plant community biomass (20, 40, and 60 g) (Additional file [1](#MOESM1){ref-type="media"}: Tables S1, S2). The nine scenarios, with the three plant species offered at different relative abundances, were repeated three times. Each plant species was placed in a container filled with water with a lid that allowed the stems of the plants to be inserted into the water but prevented the grasshoppers from drowning. Containers were then placed into holes so that the lids were flush with the ground surface.

We selected third-instar grasshoppers from the grasshopper pool to form groups of 20 individuals (sex ratio 1:1), which were then transferred to gauze cages (1 m × 1 m × 1 m) located at the field site. Grasshoppers were held in cages without food for 24 h before starting the experiment. We quantified food consumption every 2 days, which was when the plants were replaced. Every instar was measured three times over the duration of the experiment (from third instar to adulthood) with each treatment replicated three times. We recorded the numbers of survivors in each treatment every 3 days until the grasshoppers reached adulthood. This experiment lasted 30 days. Food consumption (*C*) was calculated by subtracting uneaten dry mass (*U*) from the original dry mass (*O*), as described above (2.3). We weighed all the plants using an analytical balance (Mettler/ML104, 0.0001 g).

We measured seven grasshopper performance parameters, including male body length, male body mass, female body length, female body mass, grasshopper trait diversity, and grasshopper food preference for each plant (*S. krylovii*, *L. chinensis*, *A. frigida*). All these variables are closely associated with grasshopper phase transition and plague \[[@CR50]\]. Thus, they are informative metrics for grasshopper performance. We recorded grasshopper body length and mass from the fourth instar until the adult stage under different plant community compositions. Five males and five females were randomly selected from each cage and their body lengths (from head to tail) were measured with digital calipers. Body mass was measured using a precision electronic balance (Mettler/ML104, 0.0001 g). We evaluated food preference using the selectivity index (*SI*), which is defined as the ratio of the fraction of a given food type in the feeders' diets to the fraction of the same food in the community \[[@CR69]\]. In addition to plant composition, we also recorded the community structure among scenarios which was measured by Bray--Curtis dissimilarity \[[@CR70]\] to estimate the community structure change.

Plant chemical analyses {#Sec21}
-----------------------

We determined the total C content of *S. krylovii*, *L. chinensis*, and *A. frigida* using the potassium dichromate heating method \[[@CR71]\] and total N content using micro Kjeldahl distillation as described by Yoshida et al. \[[@CR72]\]. The total P was analyzed colorimetrically with the ammonium molybdate method \[[@CR73]\]. For all these plant content analyses, we collected the entire aboveground biomass of each plant in a 1-m^2^ quadrant and separated plants into leaf and stem material. We combined leaves (with sheaths and stems removed) for a given species for each sample, then dried and ground leaves into a fine powder using a grinding machine (Yongkang Hardware Co, BL-500A). The powder was then passed through a 100-μm mesh screen. Thus, each sample was a composite of all the leaf blades from a given species collected from a 1-m^2^ quadrant. Three samples from different quadrat were measured.

Statistical analysis {#Sec22}
--------------------

We calculated plant consumption (*C*~*i*~, g/d/individual) by the different instars using the formula:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{i} = \, \left( {O_{i} {-}U_{i} } \right)/(T*S)$$\end{document}$$where *O*~*i*~ is the dry mass of the intact leaves from an estimate of the original dry mass for a given plant species (*i*) and *U*~*i*~ is the dry mass of the remaining leaves for a different plant species (*i*) after being eaten. *S* is the number of grasshoppers surviving at the end of each period (*T*). We calculated the relative feeding frequency using the formula:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
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                \begin{document}$$RFN_{i} = \, X_{i} /F$$\end{document}$$where *X*~*i*~ is the number of foraging grasshoppers in the *i* plant and *F* is the total number of foraging grasshoppers.

The dietary selectivity index (*SI*) was calculated using the formula \[[@CR74]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
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                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$SI_{i} = \left( {D_{i} - P_{i} } \right)/\left( {D_{i} - P_{i} - 2D_{i} P_{i} } \right)$$\end{document}$$where *D*~*i*~ is the percentage of each plant (*i*) in the grasshoppers' diet and *P*~*i*~ is the percentage of that plant's biomass in the community \[[@CR9], [@CR69], [@CR74], [@CR75]\]. We calculated mean food intake and preference of each plants for grasshopper at each instar, and used grasshopper adult performance variables to perform principal component analysis (PCA), canonical correspondence analysis (CCA) and regression analyses.

We conducted multivariate analysis of variance to test the effect of plant composition on overall grasshopper performance and on each performance variable. Overall grasshopper performance was determined by obtaining the first principle component scores for all grasshopper performance parameters (male body length, male body mass, female body length, female body mass, and grasshopper food preference for each plant). A multiple variance test was conducted on the variance of three different preference levels for each of the three plants on overall grasshopper performance using *manova* in R \[[@CR76]\]. We independently tested variances for main and interaction effects of each plant proportion on grasshopper performance parameters using ANOVA (*aov*) in R. In addition, we tested the effect of changing plant community structure on grasshopper trait diversity. We used Bray--Curtis dissimilarity \[[@CR70]\] and Gower's dissimilarity \[[@CR77]\] to measure community structure and grasshopper trait diversity (dissimilarity), respectively. The variance of community structure for grasshopper trait dissimilarity at the community level was analyzed using the *vegan* package \[[@CR78]\].

Grasshopper length and mass were logarithmically transformed, and a *P* \< 0.05 was the threshold for statistical significance in all tests.

The association between grasshopper performance and plant stoichiometric characteristics {#Sec23}
----------------------------------------------------------------------------------------

We used constrained correspondence analysis (CCA, also called canonical correspondence analysis) to fit the association between plant stoichiometric characteristics and ordinations of grasshopper performance. CCA enables the projection of grasshopper performance ordinations (points) onto plant stoichiometric characteristics (vectors) to maximize the correlation between them. Briefly, we obtained ordination scores of grasshopper performance variables using *cca* function with *vegan* software (R package). We then fitted plant stoichiometric characteristics onto grasshopper performance ordinations using *envfit* function (*vegan* package). Statistical significance for goodness of fit was obtained based on 9999 permutations. We then visualized an association plot following five steps for the *ordispider*, *ordiellipse*, *ordihull* functions in the *vegan* software package.

Partial least-square path modelling on grasshopper performance {#Sec24}
--------------------------------------------------------------

Though we kept grasshopper population density constant, changing plant composition led to changes in plant biomass and grasshopper food availability and quality. These outcomes indirectly modified population density of grasshoppers. Food availability and quality, and grasshopper density are two important factors that trigger aggregation of grasshopper \[[@CR17], [@CR37], [@CR38], [@CR47]\]. To reveal whether population density affected grasshopper performance in our experiment, we performed partial least-square path modelling on grasshopper performance parameters. The latent variables in our model are *plant biomass composition* (four variables: biomass of each plant and the total biomass), *food availability and quality* (three variables: the availability and quality index of each plant) and *grasshopper density* (two variables: fifth-instar density and adult density). The dependent variables are grasshopper body size parameters (four variables: male and female body size). *Food availability and quality* represents the proportion of the plants and their preferences by grasshoppers. Therefore, in our structure model, the parameter "*availability and quality index*" (matrix) can be obtained from the multiplication of the proportion of each plant in the given community and the selectivity index of each plant for grasshoppers. The presentation of our model path is shown in Additional file [1](#MOESM1){ref-type="media"}: Figure S3.

The implementation of partial least square modelling was conducted in R using *plspm* package \[[@CR79]\], 999 bootstrapping was used to test the significance of the model.
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**Additional file 1: Table S1.** The factors that are used for orthogonal design. **Table S2.** Orthogonal design and their factors. **Table S3.** Variance analysis of the orthogonal test for mortalities of *O. asiaticus* from third instar to adults within manipulated plant community compositions. **Table S4.** Partial least-square path modelling of the effects (coefficient) of plant biomass, food availability and quality, and grasshopper population density on grasshopper body size. **Figure S1.** Feeding frequency and preference level of eight plants *PL*s for *S. krylovii*, *L. chinensis*, *C. squarrosa* are 2 other plants are defined as 0 PL: preference level; 0: not consumed (\< 0.5% of the plant eaten); 1: limited consumption with 0.5--30% of the plant eaten; 2: high consumption with \> 30% of the plant eaten Sample size *N* = 50. **Figure S2.** Mean consumption (g/day/individual ± SEM) (a) and survival rate ± SEM (b) of *O. asiaticus* feeding on three plant species as measured under laboratory conditions The horizontal axis indicates the plant species. Sample size, *N* = 60 The values of the bar chart are mean ± SEM. Error bar indicates the standard error. Those marked by different lowercase letters are significantly different based on Tukey's HSD at *P* *\<* 0 05. **Figure S3.** The partial least-square modelling path on grasshopper performance. **Figure S4.** The effect of plant biomass composition on grasshopper body size from partial least-square modelling (Red arrows indicate negative effects, blue arrows indicate positive effects).
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